material for both bulk acoustic wave and surface acoustic wave Abstrocr -Dilithium tetraborate is a promising piezoelectric devices. In order to design temperature compensated devices, it is necessary to know the behavior of the material constants with respect to temperature variations. In this paper, the first and second order temperature coefficients of the material constants c,, , c,* , c-, c * , and e,, of LitBI07 have been measured over a temperature range of 20°C to 150°C. An improved resonator method was used to measure the fundamental zero mass loading antiresonance frequencies of selected pure-mode orientations of Li,B,O,. Material constants extraction was performed using a linear least squares matrix method. The resulting material constant curves were fit with a third order power series to obtain their corresponding temperature coefficients. The calculated first order temperature coefficients of the material constants show reasonable agreement with previously published values. The calculated second order coefficients do not agree well with the previously published values, and may help to resolve the large discrepancies between predicted and measured behavior of Li2B101 resonators.
INTRODUCTION
electronics. Piezoelectric materials are widely used in such Piezoelectric materials play a very important role in modem applications as resonators, transducers, filters, and correlators. Quartz crystals have heeu the most studied and most used piezoelectric crystals to date; however, studies of dilithium tetraborate (Li2B407) have demonstrated that this material might do a better job than quartz in many applications [l] . Given the correct temperature coefficients of the relevant material constants (elastic constant, piezoelectric constant, dielemic constant), the resonance frequencies of a material may be predicted at any temperature. Unfortunately, temperature coefficients of the material constants of Li2B107 published to date do not accurately predict the temperature behavior of Li2B40, resonators [2] . In order to fully realize the advantages of dilithium tetraborate, accurate knowledge of the temperature coefficients of its material constants must be obtained. In order to determine the temperature coefficients of selected material constants of Li2B401 ( c : , c :
; , c: , c: , and e,, ), an improved resooator method was utilized [l] . This technique combines pure-mode orientations of crystal samples with electrode-free resonator-type measurements. For this work, the technique was modified slightly as it was necessary to electrode and seal the resonators in HC-6 enclosures in order to allow US. Government work not protected by U.S. copyright temperature cycling.
The antiresonance frequencies of the samples were determined over a temperature range of 20°C to 150'C. The antiresonance frequencies were used to determine then used in a linear least squares extraction process to obtain the stiffness eigenvalues of the various pure-modes. which were the selected material constants. Since this process was performed over a range of temperatures, the temperature coefficients of the material constants were obtained from a third order power series fit to the extracted material constant data.
PURE-MODEElGENVALUES accuracy of resonator-type measurements because material
The use of pure-mode crystal orientations improves the constants extraction is essentially direct and does not involve complicated equations containing sums, differences, products, this research and the corresponding eigenvalue expressions are and/or quotients of eigenvalues. The crystal sample set used in shown in Table 1 . The test fixture served the dual purpose of holding the crystals crystals in a box of aluminum, the test fixture stabilized the temperature of the crystals in two ways. First, the aluminum acts like a "heat capacitor," storing the heat energy ofthe oven. Once the aluminum temperature has stabilized at the average oven temperature, small changes in the oven temperature have little effect on the aluminum temperature due to the metal's high thermal capacity. The test fixture also stabilized the temperature of the crystal samples by reducing the effect of convection.
In order to accurately measure the temperature of the crystals, two temperature probes were used. This dual thermometry fixture. The difference in the temperature measurements of each provided a rough measurement of thermal gradients in the test probe was used in determining the stability of the temperature for each data point.
EXPERIMENTAL PROCEDURE multiple harmonics of the mass loaded resonance frequencies
The experimental procedure involved measurements of calculated at each data point, the corresponding stiffness eigenvalues were determined using Equation (l).
THIRD ORDER POWER SERIES FIT TO ANTIRESONANCE

FREQUENCIES
Once the antiresonance frequencies were measured, it was necessary to construct antiresonance frequency versus process. A third order power series with a reference temperature temperature curves so the data could he used in the extraction of 25°C was used to fit the antiresonance frequency data for each trial. Because the crystal samples had electrodes plated to their surface, the antiresonance frequency data were normalized to the room temperature, unelectroded frequencies [I] . The mean deviations of the calculated fundamental mass loaded antiresonance frequencies from the zero mass loading measurements of [ l ] were 1.2% for TE measurements and 0.29% for LE measurements. The difference is attributed to the mass loading effect. The resulting normalized antiresonance frequency versus temperature curves were used in the orientation at the temperature points: 20°C. 30°C, 40"C,
... 
STIFFNESS EIGENVALUE DETERMINATION
Once the antiresonance frequency versus temperature curves were determined, the next step was the determination of the stifhess eigenvalues for each crystal orientation.
The stiffened elastic constants were calculated at each temperature point. In order to calculate the stiffness eigenvalues from the antiresonance frequency data, Equation ( I ) was used. Equation ( I ) shows that the stifhess eigenvalues are functions of zero mass loading fundamental antiresonance frequency, mass density, and crystal thickness. Both the mass density and the thickness of the crystal samples change with temperature, therefore. it was necessary to calculate their values at the appropriate temperature points.
In order to calculate the values of mass density and crystal thickness at the temperature points. previously reported values of the coefficients of thermal expansion of Li2B401 were used.
The first and second order coefficients of thermal expansion at a reference temperature of 25°C were obtained from Shiosaki, et. al. 131 and are listed in Table 2 . The thermal expansion coefficients density were calculated with the following equation:
Tp'"' =-(a::' +a: +a:), (2) where Tp'"' is the nth order temperature coefficient of mass density and a:,"' are the nth order thermal expansion coefficients. The mass density of the crystal samples was calculated using a second order power series:
where p is the mass density, p . is the room temperature (25°C) mass density, and 6 is the temperature. The room temperature measured to an accuracy of 0.1% [l] .
values of mass density for the crystal samples were previously Using the appropriately rotated value fora;;'"', the thicknesses of the crystal samples at the appropriate temperature points were calculated with a second order power series: (4) where I is the crystal thickness and I, is the room temperature calculated over the range of temperatures, the next step in the Once the values of mass density and crystal thickness were data analysis was to use Equation (1) to calculate the stiffness eigenvalues at the temperature points for each measurement trial. The stiffness eigenvalues ( F ) are the stiffened elastic constants of In this paper nine different clystal orientatiodexcitation combinations were used as shown in Table 1 . There were 53 measurements of antiresonance temperature point there were 53 equations relating five fkequency made at each temperature point. Therefore, at each unknowns. In order to extract the values of the five unknowns, a linear least squares method was used.
The data extraction method utilized follows the linear least squares method derived by W e P I .
RESULTS AND CONCLUSIONS
the material constants of Li2BIOI were obtained i?om the third I h e zeroth through second order temperature coefficients of order power series fit to the material constants. The zeroth order (room temperature values) serve as a check for the data extraction program. These values are compared to previously published room temperature material constants in Table 3 . Table 4 compares the calculated first order temperature coefficients with previously published values. Table 6 presents a summary of the temperature coefficients of the selected material constants of Li,B,O,. 
